Quantum thermal devices which can manage heat as their electronic analogues for the electronic currents have attracted increasing attention. Here a three-terminal quantum thermal device is designed by three coupling qubits interacting with three heat baths with different temperatures. Based on the steady-state behavior solved from the dynamics of this system, it is demonstrated that such a device integrates multiple interesting thermodynamic functions. It can serve as a heat current transistor to use the weak heat current at one terminal to effectively amplify the currents through the other two terminals, to continuously modulate them ranging in a large amplitude, and even to switch on/off the heat currents. It is also found that the three currents are not sensitive to the fluctuation of the temperature at the low temperature terminal, so it can behave as a thermal stabilizer. In addition, we can utilize one terminal temperature to ideally turn off the heat current at any one terminal and to allow the heat currents through the other two terminals, so it can be used as a thermal valve. Finally, we illustrate that this thermal device can control the heat currents to flow unidirectionally, so it has the function as a thermal rectifier.
Quantum thermal devices which can manage heat as their electronic analogues for the electronic currents have attracted increasing attention. Here a three-terminal quantum thermal device is designed by three coupling qubits interacting with three heat baths with different temperatures. Based on the steady-state behavior solved from the dynamics of this system, it is demonstrated that such a device integrates multiple interesting thermodynamic functions. It can serve as a heat current transistor to use the weak heat current at one terminal to effectively amplify the currents through the other two terminals, to continuously modulate them ranging in a large amplitude, and even to switch on/off the heat currents. It is also found that the three currents are not sensitive to the fluctuation of the temperature at the low temperature terminal, so it can behave as a thermal stabilizer. In addition, we can utilize one terminal temperature to ideally turn off the heat current at any one terminal and to allow the heat currents through the other two terminals, so it can be used as a thermal valve. Finally, we illustrate that this thermal device can control the heat currents to flow unidirectionally, so it has the function as a thermal rectifier. 
I. INTRODUCTION
Quantum thermodynamics, as the combination of the classical thermodynamics and the quantum theory, has attracted increasing interest in recent years. Various quantum engines and quantum refrigerators as well as some particular quantum thermodynamical devices have been studied extensively. These provide not only the fundamental physical platforms to test the macroscopic thermodynamic laws down to the quantum level, but also give valuable references to design the microscopic quantum devices with some particular functions which could be used to purposively manage the heat currents.
As we know, an electronic diode [1] consisting of two terminals guide current to unidirectionally flow, while a transistor [2] owing three terminals can control currents through two terminals by manipulating the third terminal current so that to realize three basic functions: a switch, an amplifier, or a modulator. They, used to effectively manage the electricity or for logical operations, have led to the electronic information revolution since the last century. How to control the thermal transport is also a key challenge of the modern technology in energy conversion systems such as heating and refrigeration, thermal management and so on. For example, quantum heat engines and refrigerators have been investigated theoretically and experimentally for a long time to study their efficiencies and to test the laws of thermodynamics . Recently, some thermal diodes and transistors, analogous to their electronic counterparts, have been designed based on various phase change materials such as VO2 [26] [27] [28] [29] [30] [31] . In particular, many quantum mechanical thermal diodes and transistors have also been proposed in terms of different systems [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . In addition, some * ycs@dlut.edu.cn quantum devices including thermal valve [50] , logic gates [51] and memory [52] have also been reported for a potential way to quantum information processing, and some other devices like quantum thermal ratchet [53, 54] , stabilizer [44] , thermometer [55] and batteries [56] [57] [58] have also been presented, which further enriches the potential applications of quantum thermodynamic systems. However, one can easily find that most of the previously proposed quantum thermal devices usually realize a relatively unique function. So how we can realize multiple functions by a single quantum dynamics mechanics is what we are interested in in this paper.
Motivated by this quest, we design a multifunctional quantum thermal device by utilizing the strong internal coupling three qubits. Every qubit in our system is connected to a heat bath with a given temperature. We apply the perturbative secular master equation for open system to study the steady-state thermal behaviors in detail [59] . It is shown that our system can serve as a transistor, that is, a weak heat current at one terminal can significantly amplify the heat currents through the other two terminals ones. At the same time, with the weak heat current changed slightly, the heat currents through the other two thermals can also be modulated continuously ranging from a small value to a large one. In particular, if one heat current is weak enough, the heat currents through the other two thermals can be well restricted below a small threshold value (i.e., "cut off"), which acts as a switch. In addition, we show that the heat currents are very robust to the temperature fluctuation at the lowest temperature terminal, so this system can be used as a thermal stablizer. It is quite interesting that our system can also act as a good thermal valve which can perfectly cut off the heat current at any one terminal and allow the heat to flow through the other two terminals. Finally, we demonstrate that our system can also be used to rectify the heat current when we block the heat current at one
(Colour online) Three coupling qubits with the transition frequencies ωL, ωM , and ωR are in contact with three separate baths at temperatures TL, TM , and TR, where ωL + ωM = ωR means the resonant coupling.
terminal. The remaining of the paper is organized as follows. In Sec. II, we present the model of our system, and give the dynamics by applying the master equation and then solve the steady state. In Sec. III, we demonstrate the various thermodynamical functions by analyzing the thermal behaviors in the steady-state case. We give a discussion about a possible experimental realization and the other possible energy level configurations, and finally conclude our work in Sec. V.
II. THE MODEL AND THE DYNAMICS
Let us consider that three coupling qubits interact with three heat baths, as is sketched in Fig. 1 . The transition frequencies of the three qubits are denoted by ω L , ω M and ω R , and the temperatures of the three baths are represented by T L , T M , and T R , where the subscripts correspond to the qubits they are in contact with. Here we suppose that three qubits resonantly interact with each other, that is, ω L +ω M = ω R is implied and without loss of generality, we let ω R > ω L > ω M . In such a model, the only resources driving the model to work are the three heat baths. One will see that such a model will act as a multifunctional quantum thermal device as considered throughout the paper. To show this, we will have to begin with the dynamics of the open system.
The Hamiltonian of the three interacting qubits reads
where the free Hamiltonian is
and the resonant internal interaction Hamiltonian is
with σ x and σ z denoting the Pauli matrices, g denoting the coupling strength. Hereinafter we set the Planck constant and the Boltzmann constant to be unit, i.e., = k B = 1 for simplicity. Note that this type interaction Hamiltonian has been proposed and studied in some spin systems [60] [61] [62] [63] . Furthermore let the three qubits contact with three heat baths with the Gibbs state 
The interaction Hamiltonian between the system and the baths is given by
where f µk stands for the coupling strength between the µth qubit and the kth mode in its bath. Thus the total Hamiltonian of the whole system including the baths and the qubits can be written as
To derive the master equation that governs the evolution of our open system, we have to turn to the H S representation. To do so, let's consider the eigendecomposition of H S as
where the eigenvalues read
, and the eigenvectors are explicitly given in the Appendix. Thus the interaction Hamiltonian H SB in H S representation can be rewritten as
where the eigenoperator V µl (ω µl ) of H S and their corresponding to the eigenfrequencies ω µl satisfy the relation
and their explicit expressions are also given in the Appendix. Therefore, following the standard procedure [59] , one can apply the BornMarkovian approximation and the secular approximation to obtain the master equation [59] aṡ
with the spectral densities defined by
and the average thermal excitation number defined by
Tµ − 1 (11) subject to the frequency ω µl and the temperature T µ . During the derivation of the master equation, the secular approximation requires the relaxation time of the system τ R ∼ 1/γ µ (ω µl ) is large compared to the typical time scale of the intrinsic evolution of the system τ S ∼ |ω µl − ω µl ′ | −1 . So we have the condition γ µ (ω µl ) ≪ {|ω µl − ω µl ′ |} which signifies that the strong internal coupling strength greatly separates the energy levels. This is consistent with the conclusion in references [63] [64] [65] [66] where the valid internal coupling strength regime is discussed via different master equations, such as local, global and coarse-graining master equations. Most importantly, the global master equation in the strong internal coupling strength regime coincides well with the laws of thermodynamics as shown in the above references. Definitely different bath spectra lead to different physical phenomenons [59, 67] . In the following text we assume γ µ (ω µl ) = γ µ does not depend on the transition frequency for simplicity. Note that we also have tested the Ohmic bath spectrum and found that similar quantum thermal functions can be achieved given appropriate parameters. Only the difference between the valves using the two different bath spectra is present in Fig. 4 .
The dynamical behavior of the system at any time is determined by the master equation Eq. (8) . However, we concern its behaviour at the steady state in order to construct thermal device about heat current. Therefore what to do first is to solve the steady state solution of Eq. (8), i.e.ρ S = 0. After some arrangement of steady state solution, one can obtain a system of linear equations about the elements of the density matrix as
where 
, and C i,j;m,n = |i j|+|m n| with {|i } representing the natural orthonormal basis of 8-dimensional Hilbert space. The negative sign in J µl denotes the population decrement from a relevant level while the positive sign means the population increment. Based on the steady state solution, one can obtain the heat currents as [3, 68, 69] 
originating from the dissipation of the µth bath, where
One should note thatQ µ > 0 denotes the system absorbing heat from the µth bath, whileQ µ < 0 means that the heat flows into the bath. So the remaining key task is to solve the steady state solution of the master equation Eq. (12) . However, the analytical solution of Eq. (12) is so tedious that we cannot explicitly give it here, so we would like to demonstrate the various thermodynamic functions based on the numerical solution in the next section.
III. THE VARIOUS THERMODYNAMIC FUNCTIONS
The essence of a quantum thermal device is that the heat currents can be purposively controlled. In this section, we will show that our system can work as a thermal device with multiple different thermodynamic functions such as amplifier, modulator, switcher, valve, stabilizer, and rectifier.
Amplifier -The thermal amplifier means that a weak heat current at one terminal can significantly amplify the heat currents through the other two terminals ones. The ability of the amplifier is quantified by the amplification factor, for instance [45] ,
where the heat currentQ M as the weak current to control the other two heat currents is implied. Strictly speaking, an amplifier is achieved if the amplification factor α L,R > 1. The larger the amplification factor is, the better the amplification function is. We show the heat currents and the amplification factors in Fig. 2 (a) varying with T M for the internal coupling strength g = 0.1ω M in the case of the steady state. It is obvious thatQ M is small in the reasonable range of the temperature T M , while the other two currentsQ L andQ R are drastically changed. Fig. 2 (b) shows that the amplification factor versus the temperature T M . It can be easily found that the absolute amplification factors |α L,R | are about 10 which shows that our system has the very strong amplification ability.
Modulator -A thermal modulator is used to modulate the heat currents continuously such that they can be changed from a small value to a large one by controlling a weak heat current. One can see from Fig. 2 that with the slight change of the heat currentQ M , the heat currentṡ Q L,R have been modulated from almost zero value at a low temperature T M to a large value at a high temperature T M . In fact, such a phenomenon can also be found in Fig. 3 where the heat currentsQ L,R vary from a tiny value to a large value. These are just the modulation function.
Switcher -The heat switcher can "cut off" the heat currents if one weak heat current becomes weak enough. This function is quite obvious from Fig. 2 (a) and Fig.  3 . In Fig. 2 (a) , one can see that the currents will almost vanish when the temperature T M at the "control" terminal become small. Similarly, in Fig. 3 , the heat currents will reach zero when the temperature T L/R as the "control" terminal approaches a given value.
Stabilizer -The feature of a heat stabilizer is that the heat currents are robust to the fluctuation of the temperature. Here we will show that our model can work as a stabilizer because the currents are not sensitive to the change of the temperature T L or T R . As displayed in Fig. 3 (a) , the three currents are obviously not sensitive to the change of the temperature T L over the large range from T L = 0 to around T L = 0.8ω R . The reason is that the greatly separated transition frequency ω L = 0.9ω R is much larger than T L which prevents the bath L to drastically excite the qubit L's transition, which can be verified from Eqs. (10)- (11) . This situation is also suitable for T R as presented in Fig. 3 (b) . Although the coupling strength is set as g = 0.8ω M , one can check that stabilizer function still exists for relatively weak coupling g which shows that the contribution of the interaction has the limited influence on the stabilizer compared with the difference of the transition frequencies. Here we have ωL = 0.6ωR, ωM = 0.4ωR, g = 0.8ωM fixed. In (a) the spontaneous decay rate γµ(ω µl ) = γµ is chosen to be independent of frequency as mentioned before, i.e., γL = γM = γR = γ = 10 −4 ωR, and TL = 0.25ωR, TR = 0.2ωR, while in (b) the Ohmic spectrum is applied [70] , i.e., γµ(ω µl ) = γµω µl , and γµ is constant as above. The temperatures are set as TL = 0.45ωR, TR = 0.4ωR. Obviously the valve function is also obtained at different critical temperature points.
FIG. 4. (Colour online) Three heat currentsQµ/ω
Valve-In analogy to a classical valve, a quantum thermal valve can perfectly cut off the heat current at any one terminal and allow the heat to flow through the other two terminals. Here we consider the heat currentQ M as the control terminal. In order to see the valve function, we plot the three heat currents with respect to the temperature T M in Fig. 4 . As we see in subfigure (a) where the spontaneous decay rate is set independent of frequency, when the temperature T M approaches to a critical temperature (about 0.09), the heat currentQ R is cut off and the heat can freely flow through the other two terminals. When T M reaches another critical temperature (about 0.24), the heat currentQ M is cut off. When the T M reaches the third critical temperature (about 0.53), the heat currentQ L is cut off. In fact, the direction of the currents can also be easily switched by controlling one temperature T M . If the Ohmic spectrum of the bath is chosen, similar valve function can also be achieved as shown in subfigure (b) with different appropriate temperatures.
Rectifier -The significant feature of a rectifier is to allow the thermal current flow unidirectionally, which is an analogue of the classical rectifier of the electricity. In Fig. 5 (a) , we plot the heat currents at the terminals R and M versus the temperature difference ∆T = T R −T M . It is obvious that when ∆T is larger than a critical value (∼ −0.1), the heat flows along a certain direction, for example, the heat flows out of the bath R and into the bath M (as well as bath L). Here we'd better consider the terminal M and L as a whole to serve as the common terminal. On the contrary, if ∆T is less than the critical value, the almost vanishing heat will flow oppositely. So our system can work as a rectifier. However, one can find that the critical value does not lie at the zero temperature difference, which means that swapping the heat baths R and M cannot change the direction of heat current with a small temperature difference. This is actually due to the existence of the third heat currentQ L . To avoid this effect, we remove the bath L so that the critical temperature difference can be translated to zero value. Meanwhile, our system can become a two-terminal quantum thermal device [33, 71] . In this case, the rectification factor, quantifying the ability of rectification, can be well defined as [32] 
The larger R signifies the better rectification ability, and a perfect rectifier is obtained for R = 1. In Fig. 5 (b) we plot the heat currentQ R with respect to the temperature difference ∆T for different g and different ω L . It is obvious that the considerable heat current can only flow along a single direction, and the strong internal coupling is more beneficial to the large unidirectional heat current.
In Fig. 5 (c) , the rectification factors R RM corresponding to Fig. 5 (b) versus the absolute temperature difference |∆T | are plotted. Note that we have letQ f ore =Q R for T R > T M whileQ back = −Q R for T R < T M . We can also notice that large temperature difference results in almost perfect rectification. Similarly the rectification effect can also be found if the bath R is removed.
IV. DISCUSSION
Before the end, we would like to give an intuitive but rough understanding to our device. A helpful way is to image our device has only three eigenfrequencies (levels) which satisfy the resonance condition, but two of which are extremely different. It is natural that two eigenfrequencies are relatively close to each other. Suppose each transition is driven by a thermal bath. Such a configuration is much like the quantum refrigerator presented in Ref. [16] . Due to the energy conservation, the output heat current released only by the transition subject to the maximal eigenfrequencies must be the same as the total input heat currents shared by the other two transitions subject to quite different eigenfrequencies. Since the two relatively close eigenfrequencies are separated in the input and the output terminals respectively, they should govern the similar large magnitude of the change of the heat currents. Correspondingly, the heat current at the third terminal will be only slightly changed. In the different parameter regimes, the input and output heat currents will be shared by different combinations of the three eigenfrequencies. So various interesting functions will appear. Compared with our current device with eight eigenfrequencies, it includes many similar threelevel transitions as above. However, they don't work separately (which directly leads to the difficulty to directly understand our device physically). Their cooperative effect can lead to much more complicated transitions and hence could enhance or reduce the working mechanism mentioned for the three-level case. In one word, the plentiful functions result from the asymmetry and the complexity (the strong internal coupling) of the covered transitions in the system, while one specific function made to be superior to the others results from the proper choice of the parameter regimes.
Furthermore, one has to note that designing our quantum thermal device is greatly related to the choice of the system's structure and dissipation channels including the temperatures of the baths. As we know, both the transistor and the rectifier need the asymmetry of transition frequencies at the different terminals, the stabilizer requires the working transition frequencies are much larger than their corresponding temperature in terms of numerical value, and the valve only needs that the heat currents can selectively vanish. Whether these functions above can be realized in some simpler systems such as a single qubit, qutrit or two qubits system remains an interesting question. However, one can easily check that, given the same spontaneous decay rates, the rectifier and the transistor are hard to implement in qubit systems [49] due to lack of the asymmetric level configuration. The valve cannot be implemented in a qutrit due to the heat currents generally vanish simultaneously. In addition, the multi-level system of a single qudit (e.g. a qutrit) usually leads to the cross couplings between a single transition with different baths. For the two-qubit system such as Ref. [42] , the transistor function is not found (Here we do not use the rotating wave approximation), the reason is that two baths have to share the same dissipation channels via a single qubit, otherwise, the cross coupling could also be covered.
In addition, we want to emphasize that the choice of the three qubits' transition frequencies is related to the validity of global master equation and the system's thermal function. On one hand, the secular approximation has to be satisfied in the derivation of global master equation as shown in [59, [63] [64] [65] . It means the energy gap should be much greater compared with the system's decay rates. Any two qubits in our model possessing the same transition frequencies will generate the degenerate levels which result in the violation of the secular approximation no matter how strong the internal coupling is. On the other hand, there are only three energy configurations, i.e., ω R equal to, larger or smaller than ω L + ω M given three baths can be at any temperature. Similar functions can also be realized in these cases. What we should pay attention to is cautiously arranging their energy distribution especially for the transistor and rectifier that need greatly asymmetric energy levels as well known.
Finally, we will give a brief discussion about the possible experimental realization. As well known, a spin-like system can be easily realized, the key is how to realize trilinear interaction in a system. In Refs. [60] [61] [62] , the authors have proposed how to construct a system with internal trilinear interaction. Especially in [62] , Bermudez et al. employed many spin-like trapped ions to construct a Hamiltonian including bilinear and trilinear coupling by modifying external fields. The transition frequency of each ion and both the coupling strengths can be carefully adjusted. Zero strength of the bilinear coupling leads to our model. The coupling between the system and a bath can be achieved via a resonator, and a resistor act as a bath [72, 73] . In fact, the reservoir could be directly tailored with the desired bath spectrum by reservoir engineering, which has been described in detail and applied in many cases [74] [75] [76] [77] . Note that as our model is general and the valid temperature regime is related to the choice of a qubit's frequency, so one can modify the desired temperature according to the qubit's frequency.
V. CONCLUSION
In this paper, a multifunctional quantum thermal device has been designed by utilizing three resonantly and strongly internal coupling qubits in contact with three heat baths. We study transport properties by applying the secular master equation. The steady-state thermal behaviours show that this thermal device can work as a thermal transistor, a switcher, a valve and even a thermal rectifier. We would like to emphasize that the plenty of the functions mainly originate from the large difference between the transition frequencies of the qubits. Whether it could induce some more novel applications is worthy of being studied in the future.
For the Hamiltonian H S , the eigen-decomposition reads H S = k λ k |λ k λ k |, where the eigenvalues λ k are given in the main text and the eigenvectors are given as follows. |λ 1 = − sin θ 1 |111 + cos θ 1 |000 , |λ 2 = − sin θ 2 |101 + cos θ 2 |010 , |λ 3 = − cos θ 3 |100 + sin θ 3 |011 , |λ 4 = − cos θ 4 |110 + sin θ 4 |001 , |λ 5 = + sin θ 4 |110 + cos θ 4 |001 , (A1) |λ 6 = + sin θ 3 |100 + cos θ 3 |011 , |λ 7 = + cos θ 2 |101 + sin θ 2 |010 , It is obvious that the eigenoperators and their corresponding eigenfrequencies ω µl satisfy [H S , V µl (ω µl )] = −ω µl V µl (ω µl ).
